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ABSTRACT

Passive microwave techniques for sensing the carth's a mosphere provide powerful t ools for
understanding and monitoring its dynamics. These techniques exploit the microwave and
millimeter-w ave emissions of atmospheric constituents. Tuning a sensitive radio receiver, termed
aradiometer, to these emissions alows the atmosphere to be probed remotely from satellitcs,
airplanes, and the carth's Sill’face. Microwave radiometers cansense water vapor, atmospheric
temperature profile, cloud liquid, and trace concent rations of many at mospheric gases.

Microwave radiometers have applications in many arcas: weather prediction, pollution
forccasting, aviation, climatology, spacccraft tracking, gcodesy, and atmospheric chemistry. Four
specific applications for low-cost commercial radiometer systems are explored in this paper.
M icrowave temperature profilers (M1Ps) can provide real-time detection of temperature inversions
that trap automobile emissions and industrial pollution near the ground. Timely, accurat ¢ predict ion
of weather conditions conducive to creating high pollution Ievels has significant value in mitigating
po] Tution hazards. Water vapor radiometers (W VRSs) can measure the totalat mospheric water burden
(e.g. ,water vapor and cloud liquid) which could enhance weather predictions and rain forecasts.
BothMTPs and WVRS could support federal efforts to validate and improve the performance of
global climate modecls. Critical climatic mcasurement needs include measurement of horizontal
distribution of both cloud liquid and water vapor. Finally, airport-based radiometers could be used
to predict aircraft icing condition s by detecti ng clouds bearing supercooled liguid. Ground-based
radiometer determinations of the temperature profile and amount of cloudliquid coupled with
ceilometer or radar determinations of cloud height allow identification of sub-freezing cloud liguid.

Widespread application of radiometric remote sensing systems has been restricted by costs.
Plumbed-waveguide radiometer systems for monitoring water vapor, cloud liquid, or temperature
profiles cost between $ 120K anti $500K depending on the specific application. It is believed that
significant price reductions can be achieved through mass production, applicatio n-specific designs,
andusc of monolithic or hybrid microwave integrate.(i circuit (MM IC and MIC) technology. Recent
advances in M 1C technologices promise toreduce production costs by allowing radiometers to be
ctched on an integrated circuit.  Conversion to MIC will also reduce the size and power
requ i rements t hereb y lowering costs of t he associ ated power, antenna pointing, and temperat ure
regulation subsystems. It is aso anticipated that the compact size. andreduced power consumption
wi 1i translate I nto improved temperature cent ml which wi ii increase radiometer stability.
Preliminary studies indicate that system cost reductions ranging from a factor of threc to cightappear
feasible with minimal development costs.  We believe these cost reductions will  stimulate
widespread commercialization of radiometric atmospheric remote sensing.




INTRODUCTION

At mospheric radiometers have been primaril y developed as research tools. Radiometers currentl y
{1y on satellites measuring atmospheric temperat ure, polar ozonc, water vapor, stratospheric chlorine,
and cloudliquid. Ground-based radi ometers are bei ng employed for Ic.search on cl i mat ¢, weat her,

satellite communications, astrophysics, and aviation safety, Duc to these activitics, radiometric
techniques are well developed and the instrumentation is mature. Many current uses have
commercial value. lowever, the widespread application of radiometric technology has been
restricted by rest. This could change; with development of a commercial market for microwave
devices and integration of microwave circuit technology, there is potential for significant cost
reduction.

This paper intends to provide an overview of atmospheric radiometry and potential commercial
markets.  First, is a tcg-level analysis of how atmospheric radiometry isuscd to measure the
atmosphere. This is followed by a general description of radiometer design and strategies for
achieving futurc cost reduction. Finally, (discussion will center on four applications with commercial
value.

RADIOMETRIC REMOTE SENSING OF THE ATMOSPHERE

“1 ‘he. atmosphere emits (and absorbs) a cont i nuous spectrum of microwave and mill imcter-wave
radiation [1]. Asillustrated by Yigure 1, tropospheric absorption spectra arc dominated by broad,
discreet, water vapor and oX ygen speetral lines superimposed upon a continuum, Al though the 22
G117z waler vapor line and 60 Gz 0X ygen band arc the result of different processes, they are both
primari 1y broadened by molccular collisions| 1]. Continuum cemissions arc prod uced by water vapor,
liguid water (clouds), andto alesser extent, il lo]lcclijw’ oxygen [1].

The 22.2 Gllz emissions of
atmospheric water vapor arc routinely . o
used for remote. sensing. Weakness of this ’};’}:ﬁ“{]}ﬁ"iﬁ:ﬂﬁf,‘c"S(Jr;'r’,'g‘r)
spectral 1 ne and minor cent ribut ions from 1000
other radiative. sources makes it a popular
choice for many remote sensing
appli cat ions. Mcasurement of wat er vapor
emissions can bc used todctermine the
columnar abundance of water vapor.
Continuum emissions from cloud liquid
arc broadband and arc thercfore usually
sensed in cither the 3010 38 Gllz or 85 to E
100 G117 speetral windows. Measurement 0.01 — :
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in these spectral windows minimizes Frequency (GH?)
contamination from other sources of
emissions. Radiometric mecasuremen ts of 10
cloud liquid allows the columnar liquid
control of acloudto bc determined. In
fad, radiometry is the only technique that
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igure 1. Typical midlatitude summer atmospheric
spectra for a) no water vapor, b) a humid day,and
c)a humid and cloudy day.



candctermine a cloud’s total liquid content. (Radar cchocs arc better correlated with drop size and
shape than total liquid content.) Additionally, radiometry is the only technique able to accurately
sense vapor along anarbitrary 11 nc-of-sight during cloudy weat her. 1 lowever radiometry can notbe
used to retricve cither cloud altitude or higil-resolution vapor profiles. in Cent rast to the Weak
emissions of water, the 60 G] 1z oxygen band isstrong or optically thick. As will be discussed, this
makes this spectral band uscful for measuring atmospheric temperature profiles.

The intensity of microwave or millimeter-wave energy emitted by an atmospheric gas can be
quantificd interms of a brightness tempcerature [2]. A physical interpretation of the brightness
temperature is that it is the temperature of ablackbod y that emits the. same intensit y of radi at ion per
unitbandwidth as the atmospheric gas being observe.(i. This can be quantified using the Rayleigh-
Jeans approximation
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where 7,(v) is the brightness temperat ure, k is Boltzmann's constant (1.381 x 10-23 JK), A isthe
radiation wavelength, and 1(v) isthe. radi at ionintensity [2]. Theintensity of radiationreceived by
aradiometer isthe. radiation being emitted minus the radiation being absorbed integrated along the
at mospheric path bei ng viewed. ‘1’0 calculate the rad i at ion received from an emission region located
adistance s, from the observation point, the total radiative transfer needs to be calculatedusing

T,(v) - Te "¢ fT(s) e Oa ds 2)
-0

where the 7;,, is the brightness temperature of the source or background, 7(s) is the temperature of
intervening media a distance s, and t () is the. optical depth at distance s [2]. The first term
represents the source and the sccond term represents the intervening media, insight canbe gained
by examining this integral expression at the two limits of opacity. I‘irst we simplify the expression
by assuming that the atmosphere is at a constant temperature, 7(s) = 7. 'This alows temperature, 7,
to be amultiplicative factor for the integral expression. For an optically thin atmosphere [2],

So

f Te) e "0 ds = Tt Jor 1, « 1 and 7(s) - T. (3)
0

in this case the brightness temperat ure IS just the. physical temperature times the opacity or optical
depth. Since the optical depth is proportional to the concentration of the absorbing/emitting gas,
then the brightness temperature is proportional to the line-of-sight gas content weighted by its
physical temperature. In contrast, an optically thick atmosphere yields 2]

So

fT(s) e Ods =T Jor v, » 1 and 1(s) - T. @)
0

Thus, the brightness temperature of an optically thick gas is simply the media's physical temperature.

Given asufficiently accurate description of the metcorological conditions, the atmospheric
opacily or emission spectrum can be calculated. In contrast, the solution to the inverse problem is
not unigue. 1 imission measurements at alimited number of frequencies will not allow the various




al mospheric parameters to be uniquel y determined. Interpretation of the. radiometric measurements
usually requires that some atmospheric paramcters be estimated. For example, cloud and vapor
sensing using adual-frequency water vapor radiometer requires that the atmospheric temperature
be estimated. The cffect of an estimated parameter on the retrieval accuracy can be reduced with the
judicious choice of radiometric frequencics. A detailed description of various techniques used to
retricve atmospheric water vapor and cloudliquid from measurements of brightness temperatures
is beyond the scope of this article; however it is well documente d in the technical literature |3, 4].

Optically thin regions of the atmospheric spectrum are used to sense atmospheric water, Thus
radiomet ric measurements furnish a signal proportional t o the at mospheric opacity ti mes the physical
temperature. The first step in retricving water v apor and cloud liquid from emission measurements
IS to cstimatc a mean atmospheric temperature [3].  Thisis the average valuc of the physical
temperature of the atmospheri ¢ water which ranges from 260 K to 280 K. It can usuall y be estimated
to within 2% using surface temperature measurements.  The mean temperature allows the opacity
or atmospheric brightness temperature to be calculated. The atmospheric brightness is a sum of
cmissions from water vapor, liquid water (clouds), oxygen, and astronomical sources. To retrieve
cither water vapor or cloud liquid, corrections need to be applied for these other emission sources.
Corrections for oxygen emissions can be computed from ground-based pressure measurements | 31-
Beam-averaging causes most astronomical emission sources to be insignificant when measurements
arc made with a moderate becamwidth antenna (0 >2°). The s1111 isanexception that usually
frustrates attempts to make measurements in its direction. The other source nceding correction is
the microwave cosmic background which will appear as a constant 2.74 K offset in the radiative
transfer equation [3]. Once these corrections are madc, cloud liquid can potentially be determined
from mecasurement at a single frequency. in contrast, water vapor determinations usually require
two frequencics: onc at the 22 G] 1z water vapor spectral line and the other at a cloud sensing
frequency (to provide a correction for liquid emissions). Mcasurements at additional frequencies
arc used to improve the retricval accuracy for both water vapor and cloud liquid [3, 4].

Temperature profiling exploits the optically thick emissions of the 60 GHzoxygen band. in this
case, the brightness temperature equals the physical temperature of the gas |3, 5]. For the
atmosphere which has a varying temperat ure structure, rad i at ive transfer through the medium needs
to be treated. This is realized with a weighting function, W(s), that describes the distribution of
received thermal emi ssjonas a fund ion of distance between t he emission source and the radiomet er.
Lor ground-based temperature profiling, frequencics are chosen with opt ical depths corresponding
to adistance of ahundred meter to several kilometers. Assuming, for simplicity that atmospheric
opacity is constant with altitude, the weighting function is exponential W(s) - ¢* [5]. Using the
weighting function formulation, the measyred brightness temperature reduces to

f W(s)T(s)ds
T, " 5)

o

f W(s)ds
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where 7(s) is the temperature structure of the atmosphere withrespect to atitude, s| 5]. For a
medium with a lincar variation in temperature, i.e. 7(s) ~s, the measured brightness temperature
equals the at mospheric physical t emperature at adistance of onc opt ical depth, s,. ‘1 hatis wheret he




weighting function equals 1/e.  Thercfore a temperat ure profi le can be derived by measuri ng
atmospheric emissions at a series of frequencics each corresponding to different opt ical dept hs.
Once the average temperature is known for cach optical depth then the dat a can be in verted to
generate a temperature profile.

1 ‘or ground-based and airborne applications the altitude resolution can be enhanced using a
technique developed by Bruce Gary at J)']. [5]. | Ie exploits the fact that horizontal atmospheric
temperature gradients arc more than an order of magnitude smaller than vertical gradients. Making
radiometric measurements at non-zenith el evation angles allows the effective altitude corresponding
10 a given optical depth to be varied| 5]. The effective altitude for temperat ure retricval at an
clevation angle. 0is just the optical depth at that elevation angle projected onto the vertical axis.
‘1 hus for optical depth s, and an clevation angle of 0, the effective alt it ude 2, for the temperature
retricvalis Smply 71, = s sin0. 1 ‘or ahorizont aly stratificd at mosphere, the bright ncsst emperature
at elevation angle O can be associated with an ¢ ffective altitude. i, using [S]

T,0) - T(h) - T(ssin(0)) . (6)

I'he at mospheric temperat ure profile can t hen be construct ed using multi-frequenc y brightness
tecmperature measure.ments ataserics of elevation angles.

RADIOMETERS

Radiometers are sensit ive radio receivers that genemtc an output volt age that is proportionalto
the power incident at the antenna. A generic block diagram for a tots]-power radiometer is
illustratedinVigure 2. The actualimplement at ion can employ cither aheterodync or d i reel detect
receiver. Althoughthe basic design parameters are determined by specific applications, thereare
some basic printiples underlying radiometer design.

‘The power emitled by an atmospheric gas is simply
P, = KIB , (7)

where £ is Boltzimann's's constant, 7'is the. brightness temperaturc of the gas in Kelvin, and Bis the
measurcment bandwidth in hertz, The total power measured by the radiometer is the system noise
whichis t he sum of the at mospheric and radiometer noise.. The atmospheric noise ranges from 7 K
to 300 K depending on the at mospheric opacit y and radiometer noise ranges from 1()() to 600 K
depending primarily on the noise figure of the front cnd amplifier. Consequently, the total power
incident at the radiometer mcasuredwitha 200 MHz bandwidth will range from 0.3 X 10-12 and
2 X 1072 watts (or -95 dBmto -87 dBm). To measure the brightness temperature of a gas with 0.5
K resolution and the same bandwidth requires detecting power differences of 1.4 X 107" watts.

The input power levelsalso determine thesystem gain. The RE gain and 11 gain (if applicablc)
arc chose.n to match the lincar region of the detector with at ypical value being 50 dB.1DC gain is
sclected to generate a voltage that is optimized for the chosen analog to digital conversion techniquc.
The system gain can then be expressed as a proportionality relationship between the incident
atmospheric temperature,7,, andthe radiometer output voltage,V,
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Yigurc 2. Generic Block Diagram for a radiometer receiver.
7‘0 = C (V - VO ) y (8)

where V., is proportional to the receiver noise power and ¢ is the system gain [4]. Reasonable values
of system gain span from 1V per10 K to 1V per 300 K. The requisite gain stability is simply the
measure.mcllt accuracy divided by thetotalsystemtemperature. Yor example, 2 0.5 K noise
temperat ure accuracy measured with 450 K of radiometer system noise (50 K at mosphere plus 400
K radiometer noise) requires 0.5/450 or 0.1 % gain stability. in other windsa 0.1 % gain fluctuation
will masquerade as 2 0.5 K change in the incident atmospheric power.

The radiometer mcasurement precisionis limited by fluctuations in measured thermal noise.
The magnitude Of these fluctuations IS a function of the total system noise and can be reduced by
integratingover time. T'o make ameasurement with A 77, precision requires anintegration time, t,

-2
T (9)
ATB
where 7 is the radiometer system noise [2]. 1 ‘or mcasurement of a 260 K at mospheric temperat ure
with 0.2 K precision using 300 K recciver with a 200 Ml 1z bandwidth will require a 40 ms
integration time. A wider bandwidth and lower recciver noise will reduce the integration time.

The instrumental frequency stability requirements are determined by the structure of the
atmospheric spectrum and requisite measurement accuracy. 1f measurements arc being made on the
wing of aspectral line, then afrequency shift towards the spectral pcak will cause an increasc in the
measured emissions. Requirements for stability arcusually in the range of 100 k11710 100 Ml 1~
depend i ng onthe appli cat ion.

The primary technical challenge in radiometry is to develop a high gain (> 70 dB) receiver that
is stable to atenth of apercent. Temperat urc.-induccd gain and frequency changes tend to limit
radiometer stability. Therefore, good thermal design and temperature cent rolis essential for
accuratcradiometric measurements,  Othersources Of gain variations include power supply drifts,
mechanical vibration, and RF]; however thesc can be minimized with good design practices.




There are several techniques for calibrat ing radiometers.  Gain, ¢, can be calibrated with a
mecasurement of two calibration targets cach at a di fferent temperature, 7),, and 7, . The output

voltage associated with cach of these. measuremients, V,,,, andV,,, can then be Used to calculate ¢

[2]

C - VThol ’ Tcold (] 0)

Vhol i Vcnld

Similarly, the receiver noise power, V,, can also be calculated,

1 1 ..
v, - 2 gvho’ Vol - c Thw + T, coId} ' (11)

“1 ‘argets can be built from microwave absorbers. Mecasurements at ambicent temperatures arc usuall y
usedforone calibration point. Absorbers placed inliguidnitrogen(77 K) are anot her popular choice
for asccond cali brat ionpoint. Construction of targets for high accuracy applicationsis a bitof an
artand is discussed in detail in reference [6].

T'he gain can also be calibrated with one or more noise diodes. Injeet i ng noi se into the antenna
signal path is an incxpensive method for monitoring radiometer gain andreceiver noise. By using
two diodes coupled with diffc.rent strengths arcal t ime calibration is possible. Other techniques for
calibrationinclude "tipping" the radiometer elevation angle to use the atmosphere as a calibration
target and using internal hot anti cold loads [4].

Antennas for radiomet ry donotneed high efficiency; however t hey require low side.lobes and
spiilover.  The need for reducing sidelobes and spillover is best illustrated with an example.
Consider a sidelobe that contributes I % to the total received cnergy:  when directed toward the
ground(7),, - 300 K) it willintroduce ancrror cqualto1% of 7, or 3 K. Sidelobes and spi lover are
usually specified not to exceed 30 to 40 dB. To minimize sidelobes and eli minate spillover,
radi omet ers tend to be designed with corrugated horn antennas.

Inadditionto the radiometer R electronics there arc a varicty of application-specific design
issues such as antenna beamwidth and pointing
nceds, power requirements, com muni cations,
instrument control , and data acquisition. An
cxample of a general purpose water vapor
radiometer 1S the JP1, 1 - seriesradiometer
which is shown in figure 3 [7]. It was
developed to bc compact, portable with sclf-
diagnostic capability. It senses water vapor
andcloudliquid at 20.7, 22.2, and 31.4 Gllz.
The antenna and RI? electronics arc housed in
the top box and power suppl iCs and instrument
controller arc housedin the bottom.  The
antenna is mounted horizontally and is pointed
at a 45° mirror. 1 'his mirror can be rotated to
vary the antenna clevation angle and the whole
top unitswivelsto vary azimuth pointing. This

Figure 3. 7he Jrl. J-series water vapor
radiometer. Ref [7].




radiomet er has been aworkhorse Tor JJ>]. providing grouncl-based verification of sate] it ¢ radiometer
performance, collecting Ka-band propagation statistics for modeling carth-to-space
teleccommunication links, det ermining water vapor-i nduced at mospheric propagat ion dc] ays,
performing basic research in atmospheric dynamics, and participating in climate measurcment
campaigns.

A ncw generat i on of radiometers is being developed using monolithic and hybrid microwave
integrated circuit (MM IC and M IC) technology. An initial proof-of-concept hybrid M 1C radiometer
channel was developed at JPL.in1992 scc figure 4([8, 9]. Since that time, scveral satellite
i nstrument programs have. started development of M 1Cand MM IC radiometers. These radiometers
wit] be used to make astrophysical measurements, measure atmospheric waler vapor, and monitor
atmospheric temperature. 1 *or satellite applications, M 1C and MMIC technology has been selected
10 achicve significant sizc, weight, and power reductions.

We belicve significant cost reductions can
be achicved through appli cat ion- specific
design anduse of M M IC and M IC technolog y.
Cost drivers for radiometer design include
antenna beamwidth, number of mecasurement
frequencics, antenna pointing capability, sire,
power requircments, and thermal cent rol. By
performing athorough review of aradiometer
application, only required features will be
included in the design. For example, it may be
decided that only zenith pointing is necessary L=  ——
for weather observations. That design decision  ¥igure 4.4 proof-of-concept, single-channel,
will climinate the cost of mirrors and motors  MIC radiometer developed at JPL. Refs. [8, 9].

needed to steer the radiometer pointing angle.

Additionally, when radiometer production increases from the current rate of several units per year
to dozens per year then there will be abenefit to implement the clectronics using MIC technology.
Being able to etch a radiometer onanintegrated circuit will red uce the labor costs associated with
assembling the RF section. Additionall y, the smaller size and lower power requirements will reduce
the capacit y Of power supplics, enclosure size, temperature cont 1°0] ler power consumption, ete. Hach
of thesereductions will fill'[hCl™ dri ve down c osts.

POTENTIAL. COMMERCIAL. APPLICATION OF RADIOMETERS
Air Pollution Forecasting

in urban areas, temperature inversions can trap auto emissions and industrial pollution near the
ground creating significant health hazards | 1()]. Timely and accurate predictionof Weather
conditions conducive to high pollution levels have. cconomic value. For example, forecasts can be
used to regulate discharges from large emission sources. Several cit ics require power companics 10
switch to cleancr-burning fuels during periods when strong inversions arc present. Since cleaner
fucls are more expensive than the heavier, high-sulfur fuels, savings could be realized from
improving forecast accuracy. Improved air quality can also be achievedin cities that have authority




o impose wood-burning (fi replace) bans. 1 n addition, predict ions alow alerts to be i ssued to groups
that arc most sensitive to air pollution such as young children, asthmatics, and the. clderly.

Currently, local pollution forecasts are developed from general weather service predictions
supplemented with local launches of radiosondes (balloons instrumented with metcorological
sensors). 1iorecasts arc restricted by the limited spatial and temporal resolution of these available
data sources. A microwave temperature profiler wounld enhance existing observation systems since
t hey can detc.mine. the at mospheric temperature profile asfrequent 1y asscveral t i mes per minute.
They can operate autonomousl y and can be accessed via telephone or radio link as required. This
tcchnology could significant 1y i mprove the. temporal and spatia resol ution of current balloon-based
monitoring systems. The current cost of expendables suchas radiosondes wouldmakea Jow cost
temperat ure profiler attractive. At current spending levels, savings realized over several years could
be used to sctupa profiler network allowing ground-level weather changes to be t racked.

It is worth mentioning that for this application there arc several advantages of radiometric
temperature profilers over acompetitive temperature profiler technology, radio-acoustic sounding
[11]. Profiling radiometers can be compact, reliable, low power, and inexpensive to operate.
Add it ionally, since radiomcters do not transmitacoustic or radio energ Y, they are "good neighbors’
and can be deployed in urban environments.  Although cliometric profilers do not provide (he.
altitude resolution of a RASS, the aforementioned advantages still make them desirable for this
application.

Rain and Weather Prediction

Currently the National Weather Service (NWS) has undertaken a massive program to update
and modernizc its dat a systems and forccast scJ.vices. Resources are being carmarked to deploy 116
N LEX RAD weather radars, 1 aunt.h additional GOLS sat ellites, upgrade computer hard ware, i mprove
forecast modecls, and enhance surface weather monitoring. As the. spatial resolution of weather
forecasting models increasc, there has been a growing interest in low-cost, autonomous sensors
which i mprove spat i a coverage. 1 .ow-cost radiometers could be aeffective adjunct to the existing
sensorcomplement.

Cloud sensing is an application where radiometerscould clear] y enhance exist ing and planned
climate and weather observing networks. As stated car] icr, radiometric sensing of clouds is the only
technique capable of determining the total liquid content of clouds. Thercfore, radiometers are able
to monitor t he tot a at mospheric water burden (liquid and vapor) inreal t i me. ltscems i ntuitive that
aradi ometric network t bat maps overhead water burden would improve weat her forecasts.

Water vapor radiometers could enhance the NEXRAD radar product. As stated carlier, radar
echoes are better Coil’ elated with size and shape of cloud droplets than with their liquid content.
Concurrent W VR mecasurements can be used to rel ate. liquid content of clouds to theradar returns.
The NOAA Wave Propagation 1.aboratory has conducted preliminary studics showing valuc in
radiometer support for radar measurements [ 1 2).

1 ‘inall y, it should be note.tl that weather forecasting on the west coast of the Unitcd States
suffers from the lack of dat aavailable over the ocean. Radiometer technology is aso well suit ed for




deploymenton ocean buoys. Scveral years ago, JP1. developed a combined MTP/W VR data buoy
for NOAA. Although NOAA continues to support radiometer development and demonstrations,
NWS has notincorporated radiometers into their system upgrade partially due to their high cost.

Aircraft Ieing Detection

Aircrafticing poses a serious winter hazard at many U.S. airports [3]. in freezing conditions,
clouds canform with appreciable amounts of supercooledliquid water.  Aircraft t raversing these
clouds accumulate icc as liquid freezes to the wings and fuselage This adds weight and increasces
drag.'T'his hazard 1S most acute during descent prior to landing ducto the airframe’s sub-freezing
temperature. Fortunately, commercia jets arc equipped with anti-icing systems such as wing
heaters. However, light and llIc)(Icr;itc-size.(1 aircraft arc usuall y unprepared to deal wit hsevere
winter icing. These aircraft would benefit from a grouncl-based airport surveillance system that can
det ccl t he presence of supercooled cloud 1iquid. Air traffic cent rollers who have been alerted to
icing hazards can then appropriately advise and reroute vulnerable aircraft.

F'AA-sponsored studies conducted by the NOAA Wave Propagation Laboratory demonstrate
that passive microwave remote sensing techniques in conjunct ion with cci lometers or weat her radars
can identify winter icing hazards [3]. The ground-bascd microwave radiometers are sensitive to
cloud liquid while being insensitive to ice. (Below 40 Gl1z, liquid water radiates more than two
order of magnitude more energy per unit mass thanicc [ 1 3]. ) Once liquid isdetected, its temperature
must be assessed. Combining the temperature profile with a ceilometer or radar measurement of
cloud height furnishes al estimate of cloudtemperature. When cloud liquid is present insub-
freezing cloudsanalertcan beissued to air t raffic cent ml, The NOAA group participated in a multi-
year icing detection demonstration project, Winter Icing and Storm Program (WI1SP) at Denver's
Stapleton airport that clearly established the value of radiometric measurements for icing hazard
forecasting | 14].

Climate Monitoring and Global Change

Recent measurements Of increases in the concentration of greenhouse gases such as carbon
dioxidec and methane has sparked concern that we arc changing our climate. In the debate over
anthropogenic climate change, the accuracy of climate predictions has come under scrutiny. There
are significant model uncertaintics associated with the effects of water vapor and clouds on climate.
Water vapor, the carth's principal greenhouse gas, represents a significant source of modeling crew.
Clouds can cool the carth by reflecting solar radiation back towards space or can warm the carth by
reducing surface heat (1 R) radiated to space.  Thetotalradiative effects of atmospheric water
dependson its altitude, phase (vapor, liquid, or ice), and concentration.

Given the policy implications of global warning, several national and international programs
arc charged with improving the reliability of climate models.  The Department of Energy's
Atmospheric Radiation Mcasurement (ARM) program is an example of a program tasked with
validating and improving the performance of globa climate models| 15]. ARM’S charter is to
i mprove the performance of general circulat ion and related at mospheric models as t 001s for
predicting global and regional change. ARM recently began to instrument a cloud and radiation
testbed (CAR'T) in Oklahoma to provide data on the Tiarth's radiation balance spanning 90,()(X) kn’,



roughly the size of a climatc mode] ccll. They have plans to eventually instrument five more sites
in regions with diverse climatic characteristics. The Oklahoma CAR'T site is instrumented with a
varicty of remote sensing instrumentation including RASS temperature profilers, a LIDAR, wind
radars, a W VR, awholc sky imager, ceilometers, cic. To realize their goals, ARM rescarchers have
identified critical mecasurement needs including measurement of horizontal distribution of total-
column cloud liquid and water vapor as well as, cloud mapping/imaging capability. ARM is aso
interested in airborne and ground based temperature profiles. Some of the.sc. needs can bec met with
radiometers, however their usc has beenlimited by cost.

The Global 1 inergy and Water Cycle Experiment (GHEWEX) isan example of international effort
to improve the understanding of the carth's energy fluxes and hydrological cycle. A significant
objective of this program isto understand the impact of atmospheric water on weather and climate
| 1 6]. The C;alltitlcl)t:il-Scale International Project (GCIP) is the focus of the G] {WEX buildup phase
which is funded through NOAA, DOL:, and NASA. | 16], The goal of GCIP isto observe and model
hydrological processes in the Mississippi River basin, ‘I'hisexperiment will take advantage of a
dense network of existing and planned atimospheric sensing systems. As in the case of ARM, the
usc of radiometers has again been limited by cost.

1 ‘inally, radiometric sensing could remed y inadequacics with surface cloud observations.
1 ixisting records of cloud cover arc unreliable because of their subjective nat ure and dependence on
weather observer training. 1 istablishment of a 30 or 90 G] 1z standard data t ype for cloud liquid
would go a long way toward gencrating a cloudrecord that could document climate change,

CONCILUSIONS

‘1"here is potential for widespread application of water vapor radiometers and microwave
temperature profilers to monitor the atmosphere.  Applications discussed in this paper includes
weather prediction, climate monitoring, pollution forccasting, and aircraft icing detection. This
market can be stimulated by a reductionin the cost of radiometers. 1tis belicved that significant
price reductions can be achieved through mass production, applicat ion-specific designs, andusc of
MIC and MMIC technology.

ADDITIONAL. INFORMATION

There is a vast technical litcrature on all aspects of radiometry including radiometer design,
retrievals, and applications.  Good starting points are two gencral references on radiometry:
Atmospheric remote sensing by microwave radiometry|3] which is a co] lection of review articles
writ ten by t he experts in the ficld, and Microwave remote sensing, active and passive [ 1 31 which is
a three volume text discussing all aspects of microwave remote sensing. Also, having developed
satellite, airborne, and ground-bascd radiometers for a variety of remote sensing applications, J>I.
canbe used as a resource for further information on radiometry. Finally, both NASA and JP1. have
astrong commitment to technology transfer and would be potentially interested in tcaming with
companies interested in commercializing radiometers.

The rescarch described in this paper was carried out by the Jet Propulsion Laboratory, California
Institute of Technology, under a contract with the National Aeronautics and Space Administration.
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